We examined the association between the FTO rs9939609 polymorphism and serum leptin concentrations in adolescents. The FTO rs9939609 polymorphism was genotyped, and fasting serum leptin and insulin were measured in 655 European adolescents (365 females) aged 14.6 ± 1.2 years. We measured weight, height, triceps and subscapular skinfolds and waist circumference, and body fat percentage was calculated. Sex, pubertal status, center, physical activity (accelerometry), total or central adiposity and serum insulin concentrations were entered as confounders in the analyses. The minor A allele of the FTO rs9939609 was significantly associated with higher serum leptin concentrations independently of potential confounders including adiposity ( þ 3.9 ng ml À1 per risk allele (95% confidence interval: 2.0, 5.9); adjusted Po0.001). These findings could link the FTO gene with serum leptin and consequently with the control of energy balance. Leptin could be a possible intermediary contributing to the association between the FTO rs9939609 polymorphism and adiposity.
Introduction
Adiposity development and its complications are determined by lifestyle, genetic mechanisms and their interactions. Among the obesity-related genes, polymorphisms in the fat mass and obesity associated (FTO) gene are strongly associated with body fat estimates in different populations. 1 The function and signaling pathways of the FTO gene in energy homeostasis are unknown, but several studies conducted in mice focusing on the nature of this locus showed the ubiquitous expression of this protein in both fetal and adult tissues with highest expression in the hypothalamus. [2] [3] [4] It was suggested as a possible mechanism that single-nucleotide polymorphisms in the FTO gene may exert functional effects in energy balance through altered expression level of FTO mRNA, particularly in the hypothalamus. 5 Leptin is a circulating hormone synthesized and secreted into the circulation primarily by white adipocytes. Leptin exerts, among other important actions, regulatory control on food intake and energy expenditure through a variety of central and peripheral actions. In obesity, the existence of an endogenous leptin-resistance mechanism limiting its regulatory effect may explain the strong correlation between serum leptin concentrations and body fat mass. 6 In addition to its role in the management of energy balance, there is evidence that leptin has a role in the neonatal development in key areas of the hypothalamus that are involved in the central regulation of energy balance. 7 The aim of this study was to examine the association between the FTO rs9939609 polymorphism and serum leptin concentrations in adolescents participating in the Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA) study.
Materials and methods
The HELENA study was designed to examine the interactions between personal, environmental and lifestyle influences on the risk factors for future cardiovascular diseases. 8 A detailed description of the HELENA study sampling and recruitment approaches, standardization and harmonization processes, data collection, analysis strategies and quality control activities was published elsewhere. 9, 10 The protocol was approved by the Human Research Review Committee of the Universities of the centers involved. Written informed consent to participate was obtained from both parents and adolescent. The present study comprises 655 adolescents with valid data on the FTO rs9939609 polymorphism, serum leptin concentration, body mass index (BMI) and physical activity (PA). The study sample did not differ in key characteristics (that is age or BMI) from the original HELENA sample (N ¼ 3546 all P-values 40.1).
Harmonization and standardization of anthropometric measurements used to assess body composition in the HELENA study were strictly controlled and were described elsewhere. 11 Body weight and height, waist circumference and subscapular and tricipital skinfold thicknesses were measured in triplicate. BMI was calculated as body weight (kg) divided by the square of height (m). Body fat percentage was calculated using Slaughter's equations, which showed the best agreement with total body fat percentage measured by DXA in adolescent population. 12 Identification of sexual maturation was assessed by a trained physician according to Tanner and Whitehouse. 13 PA was objectively measured by accelerometry (Actigraph GT1M, Pensacola, FL, USA). 14 Average PA expressed as total counts per minute was used in the analyses.
Blood measurements
The FTO rs9939609 genotyping was done by an Illumina system, using the GoldenGate technology. The genotyping success rate was 100%. Genotyping was performed once for each sample. Serum fasting leptin concentrations were measured using the RayBio Human Leptin enzyme-linked immunosorbent assay. The sensitivity of leptin assay is typically o6 pg ml
À1
, with intra-and inter-assay coefficients of variation of o10 and o12%, respectively. Serum fasting insulin concentrations were measured using the Dako Diagnostics Ltd, Ely, UK, respectively, in duplicate.
Statistical analysis
We determined the increase in fasting serum leptin levels per A risk allele of the FTO rs9939609 polymorphism in the whole sample of adolescents using the additive model after controlling for confounders (that is sex, age, pubertal status, PA and center) and BMI, waist circumference or body fat percentage, and insulin. Trend tests were performed by adding genotype categories in the regression analysis as ordinal variables.
We compared the frequencies of both the FTO A risk allele and the AA genotype between non-overweight and overweight adolescents using the w 2 test. In order to better examine the possible association between the FTO rs9939609 polymorphism and serum leptin levels, regardless of adiposity content, we analyzed the study sample taking into account body weight categories. Likewise, we compared fasting serum leptin levels between A allele carriers and non-A allele carriers (that is TT genotype) of the FTO rs9939609 polymorphism in the whole sample, in non-obese adolescents and in non-overweight adolescents by analysis of covariance after adjusting for sex, age, pubertal status, PA, center (random variable) and BMI, waist circumference or body fat percentage. Serum leptin level presented a skewed distribution and was therefore logarithmically transformed. Analyses were performed using the SPSS, v. 17.0 (SPSS Inc., Chicago, IL, USA), and the level of significance was set to 0.05.
Results
Characteristics of the study sample are shown in Table 1 Both the A allele frequency (70.4% in overweight vs 60.5% in non-overweight, P ¼ 0.004) and the frequency of the AA genotype (24.1% in overweight vs 14.1% in non-overweight, Po0.001) were higher in overweight than in non-overweight participants. We observed that adolescents carrying the A allele of the FTO rs9939609 polymorphism had significantly higher levels of serum leptin than those carrying the TT genotype, when the analysis was controlled for confounders and BMI in either the whole sample (17.4±1.1 vs 22.4±0.9 for TT and A allele carriers, respectively, P ¼ 0.009), in non-obese adolescents (15.8 ± 1.1 vs 20.2 ± 0.9 for TT and A allele carriers, respectively, P ¼ 0.007) or in non-overweight adolescents (14.1±1.1 vs 17.1±0.8 for TT and A allele carriers, respectively, P ¼ 0.036) (Figure 1a) FTO gene and leptin I Labayen et al leptin levels were higher in adolescents carrying the A allele of the FTO rs9939609 polymorphism than in those carrying the TT genotype after controlling for confounders and waist circumference) in the whole sample (16.9±1.2 vs 22.3 ± 0.9 for TT and A allele carriers, respectively, P ¼ 0.004). The outcome did not substantially differ when obese participants (n ¼ 30) were excluded from the analysis (15.6±1.1 vs 20.0±0.9 for TT and A allele carriers, respectively, P ¼ 0.003), and was slightly attenuated (P ¼ 0.021) after the exclusion of overweight individuals (n ¼ 81) (Figure 1b) . Finally, the A allele of the FTO rs9939609 polymorphism was associated with higher leptin levels after adjusting for confounders and body fat percentage in both the whole sample (17.4±1.1 vs 22.4±0.9 for TT and A allele carriers, respectively, P ¼ 0.012) and in non-obese adolescents (17.4 ± 1.2 vs 22.9 ± 0.9 for TT and A allele carriers, respectively, P ¼ 0.014), whereas the difference was diminished and became non-significant (P ¼ 0.079) after further exclusion of overweight adolescents (14.1 ± 1.1 vs 17.1±0.8 for TT and A allele carriers, respectively) ( Figure 1c ). The outcome did not substantially change after further adjusting for serum insulin levels (data not shown), and the results were similar in girls and boys (data not shown).
Discussion
The present study shows a statistically significant association between the FTO rs9939609 polymorphism and serum leptin concentrations in the whole sample of adolescents independently of several confounders including either total or central adiposity. Indeed, the A risk allele of the FTO rs9939609 polymorphism was associated with an increase of B3.9 ng ml À1 of serum leptin regardless of sex, pubertal status, PA, insulin and body fat percentage. To our knowledge, this is the first study reporting this association in adolescents and taking into account confounders affecting FTO gene effects, leptin or adiposity estimates. Thus, the association between the A risk allele of the FTO rs9939609 polymorphism and leptin was independent of total or central adiposity, of insulin which participates together with leptin in the control of foodassociated reward mechanisms 6 and of objectively measured PA, known to modulate the deleterious effect of the FTO rs9939609 polymorphism on adiposity in adolescents. 15 Therefore, the association between the A allele risk and serum leptin concentrations, regardless of BMI and waist circumference, persisted after the exclusion of both obese and overweight adolescents from the analysis, and was only slightly diminished after adjustment for body fat percentage in the non-overweight participants. Three previous studies have examined the association of the FTO rs9939609 polymorphism with serum leptin concentrations. Qi et al. 16 showed a borderline association between the A allele and serum leptin levels, which became non-significant after adjusting for BMI. Andreasen et al. 17 in a cohort of 17 508 Danes adults reported that the A allele significantly increased fasting serum leptin levels, but it was not adjusted for BMI and was considered as a result of increased adiposity. Zabena et al. 18 did not find any significant difference in serum leptin level among genotypes of the FTO rs9939609 polymorphism in a small sample of 75 obese adults. Finally, Do et al. 19 showed that two other single-nucleotide polymorphisms of the FTO gene (rs17817449 and rs1421085) were not associated with serum leptin after controlling for BMI in a cohort of 908 adult from the Quebec Family study. Nevertheless, differences in study design, such as age (all the study participants were adults), weight and health status, make comparisons between studies difficult. Although this study includes several strengths, such as its relatively large sample size, we acknowledge some limitations. First, we used the study center as a surrogate estimate of ethnicity, which is not ideal owing to the possibility of residual confounding factors and misclassification. However, we stratified the analyses by center, and we checked for a possible center-by-genotype interaction. The results were homogeneous across centers, and we did not find any significant interactions. Second, we used proxies to estimate adiposity content, and so adjustments may not fully account for fat mass; we did not measure visceral adiposity, which might be an important confounder. Nevertheless, as the reference methods are costly for the studies that involve large numbers of subjects, we used the skinfold thicknesses, a valid alternative for the measurement of total adiposity. 20 Finally, due to the strong correlation between leptin level and fat mass, it is difficult to establish the directionality and causality of the association between the FTO polymorphism and leptin. Therefore, we cannot exclude that other mechanism(s) affected by FTO polymorphism could influence independently both adiposity and serum leptin concentrations. Further studies with bigger sample sizes, in children and adults, and in other ethnicities are needed to confirm these findings.
Our results seem to link the FTO gene with serum leptin and consequently with the energy balance control, suggesting that the A allele variant could somehow be associated with leptin-resistance mechanisms. These findings could at least partially explain the reported associations of the FTO polymorphism with increased dietary consumption 5 and with a hyperphagic phenotype. 21, 22 Likewise, leptin could well be a possible intermediary contributing to the association between the FTO rs9939609 polymorphism and adiposity.
